The cumulative impact of pollutants on water quality at a given location along a river is a function of prior loadings, as well as pollution and surface flows at that particular site. The question of whether it is possible to maintain water quality under alternative mechanisms for allocating surface water and pollution rights is addressed. We model the optimal allocation of surface water and pollution rights along a river with water quality constraints. Due to cumulative effects, the shadow values of water and pollution rights are contingent on location. It is shown that a Nash equilibrium in a market for tradable surface water rights in conjunction with a market for pollution damages implements the optimal solution. The market supports location-specific prices for both consumptive water rights and pollution damages. ᮊ
INTRODUCTION
The merits of alternative mechanisms for allocating surface water rights are important given increasing demands on existing fresh water sources. Many water sources are fully allocated and there are pressures to reallocate water to suit changing economic conditions. The allocation problem is compounded by environmental concerns. Minimum instream flows are required to maintain wildlife and recreation values, while pollution from agricultural, industrial, and municipal sources erodes the quality of flows. The use of tradable permits for allocating surface water rights is attractive. Politicians are not seen to arbitrarily assign winners and losers in the allocation process, while at the same time market w x incentives encourage reallocation of water to higher benefit uses 3 . Efficiency w x gains from tradable water rights appear to be significant. Wong and Eheart 18 find that market systems recover approximately 95% of the economic value of water. Tradable permit systems are also attractive mechanisms for regulating water w x quality and are slowly being implemented in the U.S. 2 . The EPA's policy of promoting tradable permits for effluent discharges under the Clean Water Act has led to the development of experimental trading programs in several watersheds.
Two key issues arise in assessing the efficiency of tradable permits for allocating surface water rights in river systems as opposed to lake-like systems. First, flow constraints between users can become binding. This occurs when a reallocation of consumptive rights from downstream to upstream users reduces flows to intermediate users to the extent that they cannot divert enough water to fulfill their consumptive rights. These so-called third party effects arise when return flows are used to expand the total volume of water available for diversion in the river system.
2 Second, the capacity of a river to absorb pollutants depends on the magnitude of surface flows. Therefore a redistribution of surface rights will alter water quality along the river.
Efficiency aspects of markets allocating surface rights along a river have been Ž w x . addressed previously see 1, 3, 4, 9, 10 . The results of this literature show that permits which specify rights for consumptive use implement the optimal solution as long as flow constraints between users are not binding. This condition is automatically satisfied if return flows are not allocated. However, when return flows are allocated, the shadow value of a consumptive water right becomes location-specific due to the dependence of downstream consumptive rights on upstream return flows. Therefore a market in which water rights trade at a single price is generally w x inefficient 10 . Similarly, when there are instream flow demands, the actions of individual right holders are not optimal because of the costs that accrue to multiple w x downstream users as a result of increased consumption at a particular location 1 .
The efficiency of markets for allocating pollutants depends on whether permits are defined in terms of emissions or damages. Permit systems defined in terms of emissions generally are not efficient since they do not capture the spatial characw x teristics of damages from firms 14, 15 . Modelers frequently avoid the spatial problem by assuming that marginal social damages from pollution are identical for all firms. However, this assumption is inappropriate when applied to the problem of river pollution. For many categories of pollutants cumulative effects result in higher marginal damages and restrict input choices for downstream users. Therefore the shadow value of a pollution right depends on the location of the polluter along the river.
These results suggest that a tradable permit system must be capable of supporting a vector of location-specific prices for both surface water and pollution rights. In addition, since the level of water quality depends on both surface flows and discharges, a market for consumptive water rights must also internalize impacts on water quality. In this paper we characterize the optimal allocation of pollution and consumptive water rights along the river. Users are assumed to derive benefits from instream flows and quality as well as consumptive rights and emissions. We show that a market for consumptive water rights coupled with a Montgomery-style market allocating an aggregate level of pollution damages in the watershed generates the optimal outcome. We find that the marginal benefit of purchasing a consumptive water right depends on the location of the seller. In particular, if a permit is purchased from an upstream seller, both water flows and water quality increase at the buyer's point of diversion. On the other hand, purchasing a permit from a downstream seller does not generate equivalent flow or quality benefits. Analogous results hold for pollution permits. This effectively divides the market into an upstream and downstream segment at each location since instream flow demands are incorporated into the willingness to pay for upstream permits. We use 2 Return flows are defined as the difference between the amount of water diverted and the amount consumed. Since return flows can be re-diverted downstream, the total amount of water available for diversion in the watershed exceeds the flow at the source. this property to show that a Nash equilibrium supports optimal location-specific prices.
The remainder of the paper proceeds as follows. In Section 2 we solve for the efficient allocation of water and pollutants along the river. In Section 3 we analyze the outcome of a tradable permit system which allocates both consumptive water rights and pollution damages. In the main proposition of the paper we show that a Nash equilibrium supports efficient location-specific prices. The result requires the bidding process to be completely transparent; that is, all potential buyers and sellers must be aware of each others' locations and bids. This suggests that transaction costs will be important. We conclude by discussing the feasibility of the solution and suggest ideas for future research.
OPTIMAL ALLOCATION OF WATER AND POLLUTANTS
Let the set of water users located along a river be ordered as i s 1, . . . , n, by increasing distance from the source. Water flows at the source are denoted by .
0
Assume that there are no branches feeding into the system. Then the amount of Ž . water available for diversion at the ith location, i , depends only on the consumption of water by upstream users. 3 The total amount of water consumed by user i is equal to
Ž . Ž . where s i and c i are the amounts of water diverted and consumed, respectively, and R i is an exogenously determined return flow parameter. 4 Therefore the amount of water available for diversion at any point along the river evolves according to the first-order difference equation
w x As in 16 we assume that water quality at any reach downstream from a specified point source of pollution is determined by a first-order difference Ž . Ž . equation. Let q i denote the level of water quality at user i's intake and let e i denote the amount of effluent that user i chooses to discharge. 5 Then the difference in water quality between users i and i q 1 can be written as the site-specific function
, q i is decreasing and strictly concave in c and e, and increasing and strictly concave in and q for all users. 3 We assume that water flows are not stochastic in order to highlight the problems which arise from separating the regulation of water consumption from water quality. A regime which cannot support the optimum in a deterministic setting will not support the optimum in a stochastic setting. 4 w x Burness and Quirk 4 provide ranges for return flow parameters associated with particular water uses. These R values range from 5᎐10% for evaporative cooling to 30᎐60% for agricultural use and 80᎐90% for domestic and municipal use. 5 We assume that the level of effluent produced by user i can be captured by a single dimension variable e which is a monotonically increasing function of the level of effluent-generating inputs.
We assume that water quality is decreasing in water consumption and discharges so that f i -0 and f i -0. We also assume that an increase in quality or flows at c e site i increases the assimilative capacity of the river at site i. Therefore, f i ) 0 and q f i ) 0. Note that this specification allows water quality to improve between users.
i Ž . Ž . Ž . That is, it is possible for f и ) 0, even when c i and e i are positive. The level of overall quality at any intake for user i is then
The allocation problem is constrained by two factors. First, endpoint constraints stipulate the minimum quantity and quality q of water which must be left after the nth user. These constraints are determined by compact agreements negotiated Ž . between jurisdictions. Second, instream flow need IFN constraints specify minimum levels of quality and flows, q and , which must be maintained along thẽr iver. These constraints are assumed to be optimally set by the regulator. The IFN constraints on water flows and quality can be stated as
hird party effects result when transfers of water and pollution rights from downstream to upstream users cause these constraints to become binding for intermediate users. 6 Each user's benefits depend positively on the amount of water consumed, the effluent discharged, and the quality and quantity of water at the point of diversion. Low water flows and quality may increase diversion and operating costs. The benefit function for user i is written
Ž . Assumption 2 A2 . The benefit function is increasing and strictly concave in c, e, , and q. According to this formulation, all users must derive positive benefits from water consumption. The results of the model do not extend to the case where some users value water solely for non-consumptive uses. We assume that non-consumptive values are captured by the regulator in setting instream flow constraints.
The regulator maximizes the total benefits from allocating water and pollution rights along the river by solving the control problem
In models without explicit IFN requirements on water flows, s 0 cf. 10 . The IFN constraint iñ this case simply states that there cannot be negative flows. 7 It is assumed that pollution-producing inputs and water inputs are substitutes. For industries such as agriculture, these inputs are sometimes assumed to be consumed at fixed ratios. Leontief benefit functions result in allocations which are corner solutions. In order to focus on the marginal impacts of water reallocation, we ignore the case of Leontief benefit functions. subject to
This is a general constrained control problem with two control variables, s and e, Ž . Ž . and two state variables, and q. The constraints P1.1 and P1.2 are state Ž . equations which describe the evolution of flows and quality in the system, P1.3 Ž . Ž . and P1.4 are the IFN constraints on flows and quality, respectively, and P1.5 Ž . Ž . represents the initial and endpoint conditions. Assumptions A1 ᎐ A3 guarantee Ž w x. an interior solution to the control problem see 13 . The necessary conditions for Ž .
Ž . Ž . P1 are set out in Eqs. 1 ᎐ 8 below:
Ž .
Ž . 
Making the appropriate substitutions we can describe the imputed prices of water consumption and discharges at each site:
Ž . Ž . Ž . Ž . Note that as long as the benefit functions are monotonically increasing in e i and c i , the compact constraints q and will be binding.
Ž .
of allocating an extra unit of water to user i. The first term on the RHS is the marginal benefit of consuming an extra unit of water while the second term represents the increased cost to user i of meeting the quality constraint due to the resulting decrease in flows. Finally the third term on the RHS represents the value of the IFN constraint on water flows to user i. This constraint may or may not be Ž . binding. Similarly Eq. 10 shows that at the optimum the shadow cost of reducing quality to downstream users by one unit is just equal to the net marginal benefit of emissions. If the IFN constraint on quality is not binding this is just equal to the marginal benefit of the discharge weighted by the marginal damage caused from emitting an extra unit of effluent.
Ž . which supports the optimal solution will have permit values which decline from upstream to downstream.
Equations 11 and 12 show the evolution of the costate variables and 1 2 Ž . and determine the optimal price paths for water and pollution rights. Given A1 Ž . Ž . Ž . and A2 , ⌬ i -0 and ⌬ i -0, reflecting the fact that upstream input use
MARKET EQUILIBRIUM
We now address the question of whether a decentralized market for water and pollution rights is efficient when there are water quality constraints. The market for tradable water rights is described as follows. The regulator allocates an x The result is proved formally in 15, Theorem 3.2 . However, Montgomery's proof does not automatically hold for consumptive water permits. Since the right to consume water is not equivalent to Ž the right to divert water, there may be cases for example, when return flow parameters across users are . ''high enough'' where no user can divert enough water to exhaust consumptive rights without violating the IFN constraint . Note R i s 0 implies that the required diversion is just equal to the consumptivẽ right. If R i s 0, and the marginal benefit of water use is positive for some user i, then that user will pay positive prices for permits from any location and no user will hold excess permits in equilibrium. Ž k . resp. p represents the reservation price at which user i is willing to sell water di Ž . resp. damage rights to k. No one holds excess permits in equilibrium.
Ž . The evolution of flows and quality along the stream can be written as i s 0
users control the volume and quality of water at their intake through the purchase Ž . Ž . Ž . Ž . sale of permits from to upstream users. However, i and q i do not depend on downstream input use; therefore an asymmetry is introduced with respect to the willingness to pay for upstream versus downstream permits.
The market described above is a pure-exchange Walrasian market. Each user bids for permits by offering a price at which he or she is willing to pay for a permit from a given location. At the same time each user identifies a reservation price at which he or she will sell permits. The market is in equilibrium when there is no incentive for any pair of users to trade. The objective of each user is to choose a portfolio of permits which maximizes benefits subject to the compliance and IFN
n . constraints. Therefore each user chooses vectors w s w , . . . , w , w , . . . , w
subject to the compliance constraints
and the IFN constraints
Ž . Ž . Ž . w x Given A1 ᎐ A3 , there is an interior solution to P2 13 . Now consider a bidding game between two users, i and j, for permits from a third user k. Assume Ž .
k k Ž that i wins the bid for k's water resp. damage permit when p ) p resp.
We show that this bidding game results in the optimal allocation of di d j water and pollution rights between i, j, and k. Since the result holds for any three users i, j, and k, it generalizes to all users in the system. The payoffs to user i of the bidding game are set out below and are derived from Ž . the first-order conditions for P2 . Note that the payoffs of winning and losing are Ž . not symmetric and depend on the locations of both j the competing bidder and k Ž . the seller . The payoff from winning a bid against j is just the marginal benefit of the permit minus the price that user i pays k. The payoffs of winning depend only on the location of k and are given in
Ž . Ž .
Note that the payoff from purchasing an upstream right is greater than the payoff from purchasing a downstream right since upstream rights generate positive flow and quality benefits.
The payoff of losing a bid against j depends on the locations of both j and k. Any transfer from a downstream user k to an upstream user j will impose negative externalities on i due to a reduction in upstream flows andror quality. These costs are given in B
Alternatively, a transfer of rights from an upstream user k to a downstream user j increases flows andror quality at site i and generates positive externalities
Finally, trades which redistribute rights between upstream or downstream users
User i also can sell permits to k in which case the payoffs are given in
Payoffs are positive when the bid price exceeds the net marginal benefit of the right. Again, the payoffs depend on the location of k, since selling permits upstream results in an overall reduction in water flows and quality at site i. Given Ž . Ž . the payoffs for buying and selling licenses in 13 ᎐ 24 , we can show that a Nash equilibrium in the market for water and pollution rights results in the socially optimal outcome. A set of bid prices s p , . . . , p , . . . , p ; p , . . . , p 
Proof. Assume the contrary. Let cost for non-adjacent upstream permits at the margin. In addition, upstream users will never purchase permits from non-adjacent downstream users at equilibrium because there is no price which i y 1 is willing to pay to i q 1 that will not be matched by i. Therefore there is no incentive for non-adjacent trades in water Ž . permits if 25 holds. By analogy there is no incentive for non-adjacent trades in Ž . damage permits when 26 holds.
Ž . Ž .
Q.E.D. Q.E.D.
The proof follows from the fact that the reservation price at site i for selling Ž . water resp. damage permits downstream is equal to the marginal social cost of Ž . water use resp. pollution at site i. When users are required to hold damage licenses, they become responsible for changes in cumulative water quality and optimally substitute inputs according to the benefit functions and quality conditions at each site. Furthermore, all spillovers are internalized. When downstream users purchase upstream rights, they create positive benefits for all intermediate users. At the same time, intermediate users are willing to pay more for an upstream license than they are willing to accept to sell the same license downstream since by selling the license downstream they will still enjoy the benefits of increased flows and quality at their own site. Thus the positive benefits generated from shifting consumption downstream are fully captured through reduced prices to downstream buyers. Similarly, the external costs associated with transfers of downstream rights to upstream users are captured through the increasing prices for upstream licenses. The market not only efficiently allocates environmental inputs w x between users as in Montgomery 15 , but also facilitates Coasean bargaining w x between users so that externalities are internalized 5 . A corollary of this result is that third party effects typically associated with water transfers are an equity rather than an efficiency issue.
CONCLUSIONS
We have derived conditions for maximizing the total benefits of water consumption and pollution in a river system when there are cumulative effects. The primary result of this paper is to show that a market serves both to allocate an aggregate level of environmental inputs, as well as internalize the spillover effects associated with input use as we move downstream. The market is efficient when users recognize that there are asymmetric benefits from purchasing upstream versus downstream rights. We use this quality to show that the market supports locationspecific prices for environmental rights.
While the market is efficient, information requirements are high. Since pollution rights are defined in terms of damages rather than emissions, incremental damages must be measured at each site. If the regulator knows the water quality production function, then incremental damages can be calculated from site discharges. Even if there is a significant difference in the cost of measuring damages relative to discharges, this must be weighed against the efficiency gains of a market defined in terms of damages.
A second problem is that we do not explicitly consider how prices evolve or how information is transmitted in the market. Laissez-faire markets, in which the regulator takes a passive role in facilitating trades, tend to be inefficient in part w x because the transactions costs of finding trading partners are high 8, 11 . In our model a laissez-faire market does not provide enough information to all of the participants to generate efficient allocations. Each user must have, at any time, full knowledge of the bids and locations of all other users. One trading process which shows promise for addressing the information requirements of our model is the double auction. In the double auction initial allocations are grandfathered to each of the participants who then buy and sell from each other in a central organized market. All current bids, offers, and trades are public information, and each participant must outbid the others in order to retain its initial allocation. The sophistication of current electronic trading systems has the potential to greatly Ž reduce the resulting transactions costs see, for example, the Caltech Multiple Unit w x. Double Auction described in 11 . This discussion illustrates the importance of the w x design of the trading system itself. Ledyard and Szakaly-Moore 11 provide a detailed discussion of issues involved in designing mechanisms for allocating pollution rights. Since there may be only a small number of users in a watershed, and bids are not anonymous, the potential for strategic interaction is an important concern. In addition, if users do not know each others' costs, then the sequence of bids may be important.
Still the greatest obstacle to implementing a trading system for water rights is the legal context in which water is currently allocated. States which allow trades in Ž w x . water do so with many restrictions attached see 2, 6, 7, 12, 17 . In particular, protection from third-party injury is established under common law. At the same time, the definition of third-party damage is expanding to include the public interest. In our model, efficient trades impose costs on third parties if they have to adjust their portfolios. It is not clear how such a market would function in the current legal setting.
The main conclusion of this analysis is that water control agencies must consider the combined effects of water consumption and emissions when allocating surface water and pollution rights. In commenting on the feasibility of implementing the results from the model, we note that more research is necessary on the institutional setting in which rights will be traded. Finally, this framework may provide insight to similar problems where multiple pollutants interact systematically to produce cumulative effects.
